Abstract: Sperm shape and size of a total of 25 frog species belonging to five families are described. Spermatozoa of Bombina orientalis were peculiar in having a ventral undulating membrane. Its shape was similar to that of B. bombina, but differed from that of B. variegata. Three species of the genus Bufo had spermatozoa with an elongated head and a tail equipped with an undulating membrane. Spermatozoa of two species of the genus Hyla had a crescent-like head, and it was observed that the tail contains two flagellar units, presumably an axoneme and an axial rod. In all the above taxa, mitochondrial spheres were observed at the base of the tail, where they usually constituted a middle piece. Most species of the genus Rana had spermatozoa with a cylindrical head and a simple thin tail, but three species of the Rana narina complex and R. ishikawae had a very long sperm head. In the latter four species, mitochondrial spheres were evident at the neck region. Platymantis pelewensis had also slender spermatozoa. Spermatozoa of Microhyla ornata had a cone-shaped head and a distinct middle piece. These findings are compared with previous studies, and several taxonomic implications are discussed.
Sperm shape and size are extremely variable among animal taxa, and it is assumed that the differences in sperm shape reflect phylogenetic relationships between taxa (Jameison, 1991). I have described shape and size of spermatozoa of several salamanders and rhacophorid tree frogs (Kuramoto, 1995 (Kuramoto, , 1996a (Kuramoto, , 1997 Kuramoto and Tanaka, 1997 Spermatological data for anurans are still fragmentary (see table in Lee and Jameison, 1992) . For Japanese frogs, fine sperm structures of Bufo japonicus (Yoshizaki and Katagiri, 1982) , Rana japonica (Yoshizaki, 1987) , Rhacophorus arboreus and R. schlegelii (Mizuhira et al., 1986 ) have been described. Morita (1928) carried out light microscopic studies on spermatogenesis in Rana nigromaculata. Recently, Lee (1992, 1995) , Kwon et al. (1993) , and Lee and Kwon (1992) clarified fine sperm structures of six Korean frog species belonging to the genera Bombina, Bufo, Hyla and Rana. Spermatozoa of Chinese Bufo gargarizans and Rana nigromaculata were investigated by Mo (1985) , using TEM.
Most of the recent spermatological studies on anurans give much information about internal structures, but only a few supply external features including sperm sizes. The present study deals with external sperm morphology of a total of 25 frog species of the Discoglossidae, Bufonidae, Hylidae, Ranidae, and Microhylidae, obtained from Japan and adjacent regions. pared by squashing testis in a small quantity of water; the supernatant was put on a slide glass and a cover slip, and 2% glutaraldehyde was added. For light microscopy (LM), spermatozoa were stained with Giemsa or alum carmine, and for scanning electron microscopy (SEM) spermatozoa were coated with gold. Sizes of spermatozoa were measured on enlarged photomicrographs using a digitizer, and fine structures, such as mitochondrial spheres and width of tail fibers, were measured on enlarged electron photomicrographs.
MATERIALS AND METHODS

Species
The scanning electron microscope used was a JSM-T200 (JEOL).
RESULTS
The oriental fire-bellied toad, Bombina orientalis, had peculiar spermatozoa. The main body (head) was bent slightly; one end formed a truncated short rod, apparently an acrosome, and the other end tapered gradually. A flagellum and an undulating membrane were always observed along the convex (ventral) side of the head (Fig. 1a, d ). The flagellum originated at the anterior portion of the head (Fig. 1c) . In many spermatozoa, the posterior part bifurcated Hyla japonica and H. chinensis had spermatozoa which were very similar to each other in both shape and size ( Fig. 2b, c ; Table 1 ). The sperm head was crescent-like.
Under LM, the acrosome was observed as a thin heterochromatic part at the tip of the sperm head (Fig. 2b) . The acrosome was significantly longer in H. japonica than in H. chinensis. In most spermatozoa, a middle piece was clearly recognized (Fig. 2b, c ), but its length was very variable. The middle piece is apparently composed of many spherical mitochondria and covered with a thin envelope.
In some spermatozoa, the envelope of the middle piece was destroyed and the inner clump of mitochondria was clearly seen (Fig. 2f, g ). The tail was composed of a single single fiber branched off into two thin units (Fig.  2e , f, g), it was concluded that the tail fiber of the two Hyla species contains intrinsically two flagellar units, which apparently correspond to an axoneme and an axial rod, described by Lee and Kwon (1992) .
The 13 species of the genus Rana, excluding three species of the Rana narina complex and R. ishikawae, had an elongated cylindrical sperm head (Fig. 3g, h ) and a simple tail (Fig. 3a-f) . Head size and shape varied from one species to another, and head length/width ratio ranged from 16.3 in R. ornativentris to 6.8 in R. catesbeiana. In most species, the acrosome and the middle piece were not clearly discernible, so the measurements were made on the head as a whole.
The tail was thin, and often detached Three species of the Rana narina complex, R. amamiensis, R. narina, and R. supranarina, had a thin, slender sperm head, with a mean length/ width ratio of 22 to 31 ( Fig. 4a ; Table 2 ). Because of the longer sperm head, total sperm length was longer than those of the above-mentioned ranid species. Rana ishikawae had a very long, thread-like sperm head and a relatively Microhyla ornata had a cone-shaped sperm head and a long, thin tail fiber (Fig. 4d, e, h ). Under LM, a distinct acrosome and a middle piece were recognized (Fig. 4e) . Populations from Iriomote and Taiwan did not differ in sperm shape or size (Table 1) . DISCUSSION Undoubtedly, spermatozoa of Bombina orientalis swim with a ventral undulating membrane as several protozoans do. This mode of propulsion is unique among animal spermatozoa. The axial rod may be concealed within the head, as shown by Lee (1992, 1995) , or slightly exposed.
Extensive deformation of spermatozoa seem to be caused by the fixative. Furieri (1975) described detailed structures of the spermatozoa of B. variegata, and pointed out that the axial rod, undulating membrane, and flagellum are attached longitudinally along the side of the head and that the acrosome is cylindrical with a truncated apex. The elongated nucleus is not compact and the head contains a relatively large mass of cytoplasm. The axial rod is located just beneath the groove along one side of the head, from which an undulating membrane extends. The centriole generating a flagellum is situated at the anterior portion of the head. These characteristics are very similar to the sperm structure of B. orientalis and B. bombina, but there are several differences. First, the structures of movement (axial rod, undulating membrane, and flagellum) constitute a "tail" in B
. orientalis, and thus are readily observable in fixed specimens.
Mitochondria, usually forming the middle piece in many animal spermatozoa, are dispersed in the cytoplasm in B. variegata, but form a cluster around the axial rod in B. orientalis and B. bombina (Champy, 1913) . Second, the sperm head of B. orientalis is curved as in B. bombina (Broman, 1900) , and tapered toward the posterior end, whereas that of B. variegata is straight with a round posterior end. Folliot (1979) noted that spermatozoa with two sets of movement structures are not uncommon in B. variegata, but I could not observe such spermatozoa in B. orientalis.
Discoglossus pictus has typical spermatozoa with an elongated head and a long tail with an undulating membrane, the total length being 2-3mm (Ballowitz, 1903; Favard, 1955; Sandoz, 1974) . Spermatozoa of Alytes obstetricans have an elongated head and a long tail with an undulating membrane like those of D. pictus (Retzius, 1906 (Burgos and Fawcett, 1956; Champy and Coujard, 1939; Kwon et al., 1993; Mo, 1985; Retzius, 1906; Sharma and Dhindsa, 1955; Swan et al., 1980) .
Differing from the spermatozoa of salamanders and Bombina orientalis, the flagellum does not wave strongly. This means that the length of the axial rod and that of the flagellum, from the base to the point where it fuses with the axial rod, are nearly the same. Swan et al. (1980) The curved sperm head in the two species of the genus Hyla is very similar to that of the rhacophorid genus Chirixalus (Kuramoto, 1996a) , as well as to that of the genus Bombina. Delahoussaye (1966) described sperm morphology of 10 hylid frogs (genera Acris, Hyla and Pseudacris) from Louisiana. Acrosome length and middle piece length of the two Hyla species here examined are comparable to those of the six Hyla species he examined, but the sperm head (nucleus) is much longer in the former than in major shapes of head portion, slightly curved, almost "S" shaped, and sickle shaped. A more or less curved sperm head may be a common In H. arborea, Retzius (1906) described two fibers in the sperm tail. Typically, the tail appeared as a single fiber, but two fibers were observed to a varying extent. Lee and Kwon (1992) showed that the sperm tail of H. japonica contains an axoneme and an axial rod (but without an undulating membrane).
Thus, it is highly probable that the one of the two fibers observed in spermatozoa of H. arborea, H. japonica and H. chinensis is an axonemal fiber and the other an axial rod. Fouquette and Delahoussaye (1977) found many hylid species with bi-flagellated spermatozoa, and presented a revised taxonomic system based on sperm morphology. If a single tail fiber involves two flagellar components as indicated in the present study, it seems not essential to separate "twoflagellated" from "single-flagellated" species, until further studies reveal that each of the two "flagellas" contains an axoneme . Several rhacophorid genera have been proven to contain actually two flagellar apparatuses (axonemes) in a single tail fiber (Mainoya, 1981; Mizuhira et al., 1986) . Although most hylid spermatozoa lack an undulating membrane, Rostogi et al. (1988) reported spermatozoa with an undulating membrane in Pachymedusa dacnicolor. It is totally unknown whether the other phyllomedusine tree frogs have this type of sperm in common.
of R. temporaria to be about 45um and tail length 60 pm. He described sperm shape of R. esculenta, R. arvalis and R. catesbeiana.
Although no numerical data were given, the head shapes of these three species are very similar to those of the common ranid species here presented. Champy and Coujard (1939) illustrated several ranid spermatozoa without numerical data, in which R. temporaria has an elongated head whereas other ranids have a cylindrical head. Sperm shapes of R. japonica and R. nigromaculata previously reported by Morita (1929) , Kwon and Lee (1995) , and Yoshizaki (1987) are identical to those of the present study. No clear distinctions are found among various species groups of the genus Rana, except three species of the Rana narina complex and R. ishikawae.
Rana limnocharis and R. rugulosa are currently allocated to the genera Limnonectes and Hoplobatrachus, respectively, in the subfamily Dicroglossinae (Dubois, 1992) , but their spermatozoa are very similar to those of the other species of the genus Rana.
The sperm shape of R. tigerina (Sharma and Sekhri, 1955 ) is essentially identical with that of R.
rugulosa, a close relative. The Japanese and Chinese populations of R. nigromaculata and R. limnocharis did not differ in sperm shape, but showed significant differences in size. As revealed in Hynobius nebulosus (Kuramoto, 1997) , geographic variations in sperm size are expected to occur in other frog species here examined, which remain for future studies.
The Rana narina complex has specialized spermatozoa with a slender sperm head. Rana amamiensis seems to be differentiated from the other two species in head size, and this is supported by karyological evidence (Kuramoto, 1996b) .
So far as the present spermatological data are concerned, R. ishikawae has unique spermatozoa, very similar to the thread-like spermatozoa of the rhacophorid genus Polypedates and Buergeria buergeri (Kuramoto, 1996a) .
Obviously, the Rana narina complex and R. ishikawae are distinct from the other members of the genus Rana and from each other. Spermatozoa of P, pelewensis have a long head and thick tail, which are shared with spermatozoa of R. ishikawae. All of these ranids with long spermatozoa lay large, yolky eggs, and their long, slender sperm may be Retzius (1906) reported sperm morphology of an Asiatic microhylid Kaloula pulchra. Its head is long and cone-shaped, and a short middle piece is very distinct. These characteristics are very similar to those of M, ornata here examined, suggesting common features in the sub- 
